The total electrode fall voltage in a channel of magnetoplasmadynamic (MPD) thruster was determined by using "zero-limit approximating method", which is one of the classical methods widely used in the arc welding field. A new five-channel parallel-plate MPDT was designed and operated in a quasi-steady mode. This paper presents the measurement of the discharge voltage vs. the electrode gap for gaps from 1 mm to 4 mm. The extrapolated zero-gap intercept resulted in 18 V, which was considered as the total electrode-fall voltage. The electrode-fall voltage did not depend on the discharge current unless the discharge current exceeded onset threshold. It is considered that most of the electrode fall is deposited on the cathode side since the space potential at the inter-electrode region was almost equal to the anode potential.
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Introduction
To know an accurate sheath fall voltage is one of the largest remaining problems in the field of magnetoplasmadynamic (MPD) thrusters. Until now, many advanced numerical simulation codes have been developed [1] [2] [3] but the unknown sheath potential has prevented us from calculating accurate discharge voltage or thrust efficiency. Generally it is difficult to predict accurate sheath voltage theoretically. Although various types of sheath models have been suggested, each of them generally requires many unknown physical parameters. An experimental approach is desired. Probe measurement is the most typical way to know the rough value. Clark reported that the typical cathode fall was 5 V and anode fall was in the vicinity of 15 V regardless of discharge current. 4) Kuriki referred to this value 5) and it has been widely accepted that the total electrode-fall voltage is about 20 V. In 1990s, Gallimore and Diamant measured anode fall voltage using probe technique, and they reported that the anode fall voltage was drastically increased with J 2 / m & above onset threshold and finally became 50 V at J 2 / m & = 140 kA 2 -s/g. 6, 7) This way, probe measurements are widely used and reliable to a certain extent, but the results reflect the local-point potential. It will be better to obtain sheath potential from a more macroscopic standpoint. In the case of steady state operation, it is possible to estimate the anode fall by measuring heat flux into the anode. Wegmann reported that the anode fall was less than 10 V unless the discharge current exceeded onset threshold. However, it is difficult to measure the heat flux into the cathode. 8) In the field of arc welding, there is another successful and reliable method to estimate an electrode-fall voltage. 9) That is, the total arc voltage reducing its electrode gap toward zero can be approximately regarded as the sum of anode and cathode fall voltage (V a +V k ). Recently, Yokomizu used this method and reported the electrode fall of argon arc at atmospheric pressure was 16.5 V with Cu-W electrode, varying discharge current from 200 A to 20 kA. 10) This method is very useful to determine the total electrode-fall voltage from a macroscopic standpoint, but has not been applied to moving arc discharges. In this paper, the total electrode-fall voltage obtained by applying this method to an MPD channel is described. Compared to the welding arc, the MPD arc has the following different characteristics; 1) the chamber pressure is much lower than the atmospheric pressure, 2) the whole plasma is accelerated by Lorentz body force, 3) pulsed discharge mode is widely used rather than steady state mode. This induces spotty arc attachment on the cathode. These intrinsic characteristics have to be taken into consideration.
Experimental Apparatus

Five-Channel Parallel-Plate MPD Thruster
A new five-channel parallel-plate MPD thruster ( Fig.1 ) of which electrode gap was freely variable was newly constructed. A rectangular electrode configuration was adopted because the strength of the magnetic field between both electrodes could not be kept constant when the both electrodes approached each other for cylindrical configuration. A five-channel, comb-like structure has successfully been used to avoid the discharge current deviating to one side. As shown in Fig.2 , a uniform self-induced magnetic field was obtained between both electrodes at the center channel (Ch.3). The rectangular copper anodes and the 2% ThO 2 -W cathodes were 6 mm in width and 45 mm in length respectively. A thin boron nitride plate was inserted as an insulator between both electrodes. Each electrode was connected to a 0.5-Ω resistor and the discharge current was equally divided into each channel.
The thruster head was set in a stainless steel vacuum tank of 0.8-m diameter and 2.0-m length, which was evacuated to less than 7 mPa before each firing. Fast acting valves (FAV's) were used to supply 5-ms gas pulses. The working gas was introduced into the discharge chamber through the root of each anode. After the propellant gas was supplied in the discharge chamber, an ignitron of a pulse-forming network (PFN) was triggered. The PFN consists of 2mF-5kV capacitor banks. It can supply current pulses with a flat-topped waveform of 0.45 ms duration and 20 kA current. Each arc discharge was initiated by a high voltage breakdown. The voltage measurement circuit shown in Fig.3 was mounted parallel to each electrode. The relationships between the input and the output voltage of photo couplers are not linear, so their characteristics were carefully calibrated before the experiment. The estimated calibration 
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error was below 0.3 V at most. The total discharge current was measured by using a Rogowski coil. The mass shot of each firing was determined by the pressure decrement of the second reservoir tank. Since the adopted mass flow rate was 0.2 g/s and the resolution of the pressure gauge was 0.04 g/s in this experiment, the conceivable error rate was less than 20%.
Langmuir Probe Measurement
If the internal plasma condition is drastically changed with the electrode gap d, the validity of the experiment becomes ambiguous. Therefore, a Langmuir probe measurement was carried out to know the general plasma condition. A schematic view of the probe installation is shown in Fig.4 . The effects of the magnetic field and plasma flow are negligible by using a plane probe inserted perpendicular to the flow direction. Typically, the plasma density in the MPD channel is very high (>10 20 m -3 ) and the Debye length (defined by Eq. (1)) becomes much smaller than the probe radius. eV. In another case, λ De becomes 2 µm for n e = 10 20 m -3 and T e =5 eV. Thus, the Debye length is considered to be in the order of 0.1-1 µm. In such a case, the electron temperature should be determined using the following equation considering the blocking effect 11, 12) .
In the above equation, α is a coefficient that depends on the size of the probe radius against the Debye length; r p /λ De . According to ref.11, α=1.6 at r p /λ De = 100, and α=2.0 at r p /λ De = 1000, respectively. After five-times data acquisitions, α=2.0 was adopted as a feasible value. In advance, space potential V s should be determined by a flexion point between electron saturation region and retarding-field region of the Langmuir curve. The floating potential V f was also determined. For the plasma density measurement, the ion saturation current was referred to and the following relationship 11) was used to determine n e . κ is a constant which depends on T i / T e . An asymptote limit of T i =0, κ=0.61 was used. During the Langmuir probe measurement, the anode was grounded as a reference electrode.
Experimental Results
Electrode Fall Measurement
Firstly, the discharge voltage waveforms are simultaneously measured as shown in Fig. 5 . For the small discharge currents the discharge voltage of each channel shows similar tendency, but for larger discharge currents, Ch.1 and Ch.5 (both side-end channels) show higher voltages than those of the other channels. A nonuniformity of the propellant gas density between the center (Ch.3) and both side channels (Ch.1 and Ch.5) can explain this result. In Fig.6 , the discharge voltage vs. discharge current 
Results of Langmuir Probe Measurement
For the case of d=2 and d=4 mm, the plasma parameter was determined from Langmuir probe curve. Each value shown in Table 1 is an averaged value of 5 trials.
It was recognized that the electron temperature was not so affected by the electrode gap d while electron density was changed.
Since the anode is grounded, the cathode potential features a negative discharge voltage (-23 V for d=2 mm and -30 V for d=4 mm, respectively). It was recognized that the space potential (at the midst of both electrodes) was close to the anode potential, therefore, most of the electrode-fall voltage was considered to be located in the vicinity of the cathode. 
Discussion
In this section, we discuss the validity of the adoption of "zero-limit approximating method" for our new five-channel MPD thruster. This method is based on the assumption that the sheath potential will not be changed when reducing the electrode gap. The total discharge voltage can be separated as follows. 
For d=4 mm, W=30 mm (6 mm 5ch), J=10 kA and m & =0.2 g/s, V EM results in only 2.5 V. This is the foreseeable maximum value in this experiment and decreases with d or J. Therefore this component is almost negligible in this experiment. V t is the voltage used as thermal energy consumption and is considered to be almost proportional to d as long as the electrical conductivity is constant. In a strongly ionized plasma, the well-known Spizer-Härm formula indicates that the electrical conductivity depends on T e but does not depends on n e . At a fixed discharge current, the probe measurement showed that T e was not so changed with electrode gap d. Hence we can make a straight-line approximation in Fig.7 to estimate the discharge voltage for the limit at d=0.
As for the remaining components (V a , V k and V i ,), it is conceivable that the cathode fall already includes ionization potential of the propellant gas. Although the ionization potential of argon is 15.76 eV, the total discharge voltage (=20 V) is unlikely to have extra potential besides the sheath fall voltage (=18 V). The emitted electrons from cathode surface will be accelerated by the sheath drop in front of the cathode, and will have enough energy to ionize argon neutrals. It will not be appropriate to consider V k and V i separately.
The experimental result in this study is valid only below onset condition only. Beyond the onset condition, severe anode erosion was observed as shown in Fig.8 and the eroded mass reached 30% of mass shot of the propellant. The plasma will consist of not only argon but also evaporated copper. In such conditions, this method is no longer valid because the assumption of constant plasma conductivity is violated. Fig. 8 . Photograph of the severe electrode erosion after several times discharge at 10.8kA Gallimore and Diamante focused on the anode fall voltage beyond the onset point. 6, 7) They reported that the anode fall voltage increased drastically with discharge currents in such condition. The energy is mainly used to evaporate anode material to supplement charge careers into the bulk plasma. On the other hand, our study showed that the anode fall was almost zero until J exceeds the onset threshold current.
Conclusion
The total electrode-fall voltage in the MPD channel was determined using "zero-limit approximating method", which is one of the classical methods widely used in the field of arc welding. The total electrode-fall voltage was in the proximity of 18 V regardless of the discharge current below onset condition. Most of the electrode fall lies on the cathode side.
